The objective of this experimental investigation is to produce a metallic matrix hybrid composite using pure aluminum as a base material reinforced with stainless steel and copper wires with different volume fraction. Hot pressing technique of laminated layers of the different constituent was used under various conditions of applied pressure, temperature, and holding time. These parameters deeply control the rate of solid state diffusion that governs the fiber / matrix interface and consequently the final mechanical properties of the obtained composites. Microstructure examination and microanalysis were carried out using scanning electron microscope equipped with energy dispersive x-ray analysis, moreover tensile mechanical properties were determined in each case. Thin continuous and uniform inetrdiffusion zone with optimum mechanical properties under a compaction pressure of 210 MPa at 590 o C for 120 minutes. Moreover fracture micromechanics during incremental monotonic loading proved that the outer plies are subjected to failure at the beginning of damage and then propagation through the inner plies takes place till complete failure.
Introduction
The demands made on materials for better overall performance are so great and diverse that no one material can satisfy them. That naturally led to a resurgence of the ancient concept of combining different materials in an integral composite material system that results in a performance unattainable by the individual constituent, and offers the great advantage of a flexible design; that is, one can, in principle, tailor-make the material as per specification of an optimum design. It implies that, if it is given the most efficient design of, an aerospace structure, an automobile, a boat, or a submarine, we can make a composite material that meets the need [1] . Metal matrix composite (MMCs) offer several advantages over other matrix composites. The principle advantage is that MMCs can be used as much higher temperature. The yield strength and modulus are higher for metals, which account for the higher transverse strength and modulus of metal matrix composites. Therefore, the metal matrix can be strengthened by various thermal and mechanical treatments [2] .
Most of the commercial work on MMCs has focused on aluminum as the matrix metal because of the combination of its light weight, environmental resistance, and useful mechanical properties; that properties also make aluminum well suited for use as a matrix metal [3] . Applications of AL-MMCs include drive shafts, fan blades, and shrouds, springs, bumpers, interior panels, tires, brake shoes, clutch plates [4] .Great attentions have been * Egyptian Armed Forces.
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directed to the aluminum and its alloys, L.Tao and F.Delannay [5] . showed that fiber strengthening can effectively improve the creep resistance zinc-aluminum foundary alloys commonly used in the automobile industry. They showed also that the best balance of creep strength, fracture toughness, and cost was achieved when reinforcing these alloys with continuous low carbon steel fiber.D.A.Mccoyt and D.J.Lioyed [6] , used an extrusion technique of a sandwich of fibers and matrix through a die at elevated temperature to fabricate a graphite fiber reinforced aluminum composite. The current work represents a new design of composite materials containing aluminum as a matrix reinforced with two different types of fibers which are stainless steel and copper fibers.
Materials and Experimental Work
In this work two main components comprises the adopted composite material, the first is the fibers which provide most of the stiffness and strength while the second component is the matrix that binds the fibers together. Pure aluminum foils with commercial quality were used as a matrix, while copper and austenitic stainless steel fibers with 250 µm diameter had been implemented. The chemical compositions of the used materials are illustrated in Tables (1, 2, 3) while their mechanical properties are given in Table ( 4) . The structure of the produced composite consists of 5 plies of pure aluminum where the reinforcement wires were arranged between each successive plies symmetrically around the central foil so that copper wires are located in the core while the stainless steel wires are arranged near the surface as shown in Fig. (1) . A standard tensile specimen according to "Standard Test Method for Tensile Properties of Fiber-Reinforced Metal Matrix Composites" [7] shown in Fig. (2) was used for the determination of tensile properties. Hot uniaxial pressing was applied using a hot press type (SANTEC) with 100 tons maximum pressure under a compaction pressure of 70, 140, 210 MPa respectively for different temperature namely (550, 570, 590) o C and various holding time in the range from 45 to 180 minutes. On the other hand reinforcement volume fraction was taken to be V f = 5.3 %, 7.85%, 10.45 % and 13.08 % divided equally between the two adopted types of fibers. Furthermore, to follow up the evolution of the damage criterion an incremental stepped uniaxial loading with a step fraction of the ultimate load equal 0.1 was carried. Microstructure evaluation and microanalysis were carried out by using scanning electron microscope type (SEMA 202) equipped with energy dispersive x-ray analysis. Tensile mechanical properties were determined using a universal tensile testing machine type (INSTRON 8032)
Results and Discussions
Wide range of temperature from 500 to 640ºC was examined. However, the temperature below 550ºC revealed a clear delamination and less filling of the interface between reinforcement wires and matrix with no clear interdiffusion zone while the temperatures over 590 o C reveal a complete diffusion and disappearance of the copper wires. Consequently, the temperature range from 550 o C to 590 o C was investigated and considered the optimum range offering regular uniform and continuous interdiffusion zone with appropriate thickness and revealed that a complete and pronounced bonding between matrix layers without delamination and voids. This indicates the occurrence of enough diffusion between these layers which transforms the matrix layers to a unit continuous material. In this temperature range, hot pressing was conducted under different holding times and pressures. Holding time was varied as follows 45, 75, 120, and 180 minutes while the initial applied hot pressing pressure at the prescribed temperatures was taken 70 MPa, 140 MPa, and 210 MPa.
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An optimum parameters that reveal the adequate microstructure (thin continuous and uniform interdiffusion zone) was found as (P = 210 MPa, T = 590 o C, t = 120 minutes) as shown in Fig. (3a) . The obtained results depicted in Fig. (3) prove that the diffusion behavior is completely different between the two different types of the used reinforcements (stainless steel and copper ) where a complete diffusion of the copper wires occur in the matrix while a uniform, continuous and regular interdiffusion zone obtained in the case of stainless steel wires. The results of EDX analysis for AL-MMCs samples reinforcements with stainless steel and copper fibers prepared at T = 590 o C, P = 210 MPa, t = 120 minutes are presented in Fig. (3b-e) . Showing line distribution of the different elements through the inter phase layer.
The obtained results of the mechanical properties of the produced AL-MMCs such as tensile strength (σ ut ), ductility (δ %), and toughness of the unidirectional laminate composites at constant volume fraction (V f = 5.3 %) and different hot pressing parameters are summarized in Tables (5, 6 , 7) where also the interface characteristics are demonstrated. The effects of the hot pressing holding times for different temperature on tensile strength, ductility and quasi static toughness of AL-MMCs prepared under a constant pressure of 70 MPa, are presented in Figs. (4, 5, 6) respectively. We can note that increasing the holding time from 45 minutes to 75 minutes at a constant temperature of 590ºC results in an increase of the ultimate strength by about 17%, a decrease in ductility by about 18% and decreasing toughness by about 4%. On the other hand, when the holding time is increased up to 120 minutes, the ultimate strength is increased by about 71.8%, ductility is decreased by about 51.7% and toughness by about 18.3% relative to the corresponding values obtained after 45 minutes holding time. Similar behavior was recorded at 550ºC and 570ºC of increase of the ultimate strength and decreasing of ductility and toughness by increasing the holding time. The analysis of the effect of temperature when the holding time is kept constant showed that at a holding time of 75 minutes, the increase of the pressing temperature from 550 ºC to 570 ºC results in an increase in the ultimate strength by about 16% while ductility and toughness are decreased by about 20% and 5.8% respectively. On the other hand, when the temperature is raised to 590ºC, the ultimate strength is increased by about 21% while ductility and toughness are decreased by about 21.8% and 7.2% respectively. A similar behavior can be observed when the hot pressing time is prolonged up to 180 minutes. The obtained results confirm that the mechanical properties are strongly dependent on the thickness, nature, and morphology of the interdiffusion zone formed between the different fibers and the matrix. An optimum configuration of composite offering most favorable mechanical properties can be obtained after hot press of 120 minutes at 590 o C. Similar behavior was recorded at (140 and 210) MPa of increase of the ultimate strength and decreasing of ductility and toughness by varying the holding times and the temperatures. Figs. (7, 8, 9) illustrate the effect of the hot pressing pressure at a constant temperature of 550ºC and holding time of 120 minutes on the same previously mentioned properties. It can be clearly stated that the increase of pressure, in general, has a minor influence in significantly modifying the mechanical properties.
The Stress-Strain diagrams of AL-MMC samples produced under hot pressing condition of T =590ºC, t =120 minutes, and P =210 MPa and at different fiber volume fractions are shown in Fig. (10) . While their mechanical properties are presented in Table ( 8) .The fiber volume fraction is an important parameter that can control the properties of a fiber reinforced composite material. it can be seen that by increasing the fiber volume fraction (V f ) only from 5.3% to 7.85%, the ultimate tensile strength (UTS) is increased by about 20% while the ductility is decreased by about 27%.The corresponding increase of ultimate tensile strength when the volume fraction is increased from 5.3% to 13.08% can be reported to be in the order of 50% which is considered a sensible high value, on the other hand there is also an important loss of the value of ductility of the same order (50%). This implies that the proposed value of Paper: ASAT-13-MS-13 4/12 fiber volume fraction should be optimized to provide compromised properties of the produced composite to satisfy the destinated application.
To evaluate and study the phenomena associated with monotonic loading and to follow up the evolution of the damage criterion. Different specimens were loaded in incremental steps to various fractions of ultimate tensile strength (0.1 σ ut , 0.2 σ ut , 0.3 σ ut , …… σ ut ) after each loading step specimens were sectioned through their cross section in the middle of their gauge length and examined under Scanning Electron Microscopes , where the nature of the matrix layers deponding and fiber /matrix interaction were determined. At a loading level corresponding to 0.2 σ ut , it was observed that a low percentage of debonding appears along the fiber/matrix interface of the outer plies, while there was no clear damage evidence in the inner plies as shown in Fig. (11) . With progressive loading to a level corresponding to 0.4 σ u , the percentage of debonding along the fiber/matrix interface was increased in the outer plies till a complete separation between the fiber and matrix was occurred. On the other hand, in the inner plies the start of debonding along the fiber/matrix interface can be observed as shown in Fig. (12) .This mode of fracture is a brittle mode because it occurs mainly in the brittle intermetallic phases through the interdiffusion zone. Continued increase in uniaxial load to the level corresponding to 0.5 σ u , a matrix crack initiation can be noticed in the outer plies. This fracture can mostly occur by a ductile mechanism because it is initiated on the fiber/matrix interface and propagated through the ductile Al-matrix. On the other hand, in the inner plies the area of debonding and the separation size between the fibers and matrix were increased as shown in Fig. (13) . At a load level of 0.7 σ u , in the outer plies, matrix cracks were emphasized and become more visible, their size was enlarged and their depth was increased while in the inner plies the progressive debonding takes place and the initiation of micro cracks can be observed as shown in Fig. (14) . At a load level of 0.9 σ u , the growth of matrix crack preceded final fracture allows an eventual coalescence of these matrix cracks in the outer plies while, in the inner plies evolution of matrix cracks becomes more visible as shown in Fig. (15) . Moreover, at this high load level, another type of micro cracks appears along the boundaries of the different matrix layers together with the already observed transmatrix cracks. The evolution of these cracks will lead to delamination and separation of the matrix laminates. Immediately after, matrix failure by a ductile mode of fracture which is characterized by dimples pattern can be seen as shown in Fig. (16-a) .
Finally, fiber pull-out, interface tearing and fiber fracture takes place as illustrated in Fig. (16-b) . The stainless steel and copper fibers showed a cup and cone dimpled silky like fracture which can be observed in Fig. (17) .
Conclusions
1-The production of Al-MMC by hot pressing technique is deeply influenced by varying the process parameters; adequate bonding between the matrix layers without delamination can not be obtained below a hot pressing temperature of 550 ºC.
2-The form and the rate of growth of the interphase layer (interdiffusion zone) are also strongly dependent on the hot pressing parameters T, t, and P. An optimum condition can be obtained in the Al-MMCs reinforced with stainless steel and copper fibers when they are prepared at T =590 ºC, t =120 minutes, and P =210 MPa.
3-The composition of the fiber has a deep effect on the nature and morphology of the formed interface which controls the binding strength between the fibers and the matrix and consequently the total overall mechanical properties of the composite structure. Also the type, Paper: ASAT-13-MS-13 5/12 melting point and diffusion coefficient of alloying element of fibers are of important factors affecting the behavior of these fibers and their mutual interaction with the matrix.
4-The interdiffusion zone thickness in the range 31-48 µm is considered to be optimum allowing adequate binding and in the same time secure sufficient ductility of the produced composite material.
5-Increasing fiber volume fraction results in an increase in the ultimate strength while ductility and toughness are decreased. When the volume fraction Vf is doubled an increase of ultimate tensile strength of about 50% can be achieved, while a drop of ductility of about 50% takes place which implies that the proposed value of fiber volume fraction should be optimized to provide compromised properties of the produced composite to satisfy the destinated application.
6-Failure analysis proved that damage is initiated early after loading at outer plies and propagates through inner plies until catastrophic failure occurs. The governing damage failure modes are fiber debonding, matrix cracking, delamination, and final fracture. 
